Electroproduction of pseudoscalar mesons on the deuteron. 
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^ ■ Abstract 
oo 

. A general analysis of polarization phenomena for coherent meson electropro- 

O . 

O . duction on deuterons, e+ d ^ e + d + P^, where P^ is a pseudoscalar vr'^ 

o 

r"| ' or r/-meson, is presented. The spin structure of the electromagnetic current 

^ . for P -production at threshold is parametrized in terms of specific (inelas- 

<D : 

. tic) threshold electromagnetic form factors which depend on the momentum 

- T-2 . transfer squared and the effective mass of the produced hadronic system. We 

. give expressions for the structure functions of the reaction e + d^e + d + P^ 

(where the deuteron target is polarized) in terms of these threshold form fac- 
tors. The spin and isospin structures of the 'y*+d d+P^ amplitudes (where 
7* is a virtual photon) is established in the framework of the impulse approx- 
imation and relationships between meson electroproduction on deuterons and 
on nucleons are given. The reaction of vr'^ electroproduction on deuterons 
is investigated in detail both at threshold and in the region of A-isobar ex- 
citation, using the effective Lagrangian approach for the calculation of the 



*Permanent address: National Science Center KFTI, 310108 Kharkov, Ukraine 



1 



amplitudes of the elementary process 7* + iV — AT + tt. Special attention 
is devoted to the analysis of all standard contributions to the exclusive cross 
section for d{e, eTr^)d, which are functions of the momentum transfer square, 
k'^, of the excitation energy of the produced hadrons and of the pion produc- 
tion angle, in a region of relatively large momentum transfer. The sensitivity 
of these contributions to different parametrizations of the 7*7ra; form factor 
as well as to the choice of ATiV— potential is discussed. 
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Typeset using REVT^ 



I. INTRODUCTION 



The reaction 7 + c? — + where P° is a neutral pseudoscalar meson (vr^ or 77), is 
the simplest coherent meson production process in 7(i-collisions. The presence of a deuteron 
with zero isospin in the initial and final states leads to a specific isotopic structure for the 
corresponding amplitudes. Moreover, although the spin structure may be, in general, fairly 
complex, it is essentially simplified in the near theshold region making the j + N N + 
(where denotes a nucleon) and j + d ^ d + reactions especially interesting for hadron 
electrodynamics studies. 

The 7 + (i — i> + 7r° reaction is important to test the predictions of low energy theorems 
(LET) for threshold j + N N + 7t^ amplitudes. Multipole analyses of older 7 + p — > p + 7r° 
data IIJ^ were in serious discrepancy with the predictions of LET Recent data 

obtained with tagged photons, combined with new theoretical developments have brought 
experiment and theory into agreement. These calculations show that the amplitudes for the 
'y + N ^ N + 7T^ reaction near threshold have a complex isotopic structure. Calculations of 
the electric dipole i?o+ threshold amplitudes for 7 + — * + vr processes in the framework 
of the dispersion relation method p[ confirm this observation. Therefore the knowledge of 
the 7 + n — > + 7r° reaction amplitude is very important and the 7 + d — > + 7r° reaction 
appears the most suitable for that purpose. However the extraction of the 7 + n — n + vr^ 
amplitude from ■yd experimental data [|] requires a careful study of possible rescattering 
effects llOHTl. 

Pion-electropoduction e + d-^e + rf + vr^ is even richer since it involves longitudinal as 
well as transverse photons. Experimental information about this process has been missing 
for a long time, but such an experiment can be performed at MAMI [|l3l or at Jefferson 
Lab. In this case, with the experimental set-up which has been used to measure the tensor 
deuteron polarization in elastic eti-scattering [|14|, a sample of vr^-electroproduction data 



were obtained during dedicated runs, |]T5| at relatively large momentum transfer square 
{c^ 1.1 ^ 1.6 (GeV/c)^) in the threshold and in the A-region. 
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The e + d ^ e + d + n^ reaction allows to "scan" the isospin structure in the full resonance 
region and to separate isovector from isoscalar contributions. Moreover, experiments using 
a polarized deuteron target yield a different information compared to measurements of the 
polarization of the final deuteron. 

Another interesting problem of near threshold meson photoproduction on deuterons con- 
cerns the isotopic structure of the 7 + — > 5*11(1535) transition. The results of different 
multipole analyses of the 7 + — + vr reactions have shown that the 7 + A^ — S'ii(1535) 
transition is essentially isovector |[l6Hl9|, in agreement with predictions of quark models 



M| . Existing 7 + p — p + 77 experimental data in the near threshold region indicate 
that the S'ii(1535) excitation is the main mechanism. On the other hand, the amplitude 
for 'y + d^d + T] in the near threshold region has to be isoscalar and, therefore, small in 
contradiction with earlier data p6| which showed a large cross section. Recent d{'y,ri) X 



data have given an explanation by showing that this reaction is essentially inelastic. 

The near-threshold region for '-f + d^d + rj is linked with the physics of the n+p — > d+r) 
reaction because both processes are connected via the unitarity condition. The cross section 
for n + p ^ d + rj, which was first measured at Saturne was found to be very large : 
a{np drj) = (100 ± 20) ^h. A recent experiment at CELSIUS [^] has confirmed these 
data and has shown a steep decrease down to cr ~ 40 /ib up to qcM = 20 MeV, where 
qcM is the final kinetic energy in the reaction center of mass system (CMS). The shape 
of the energy dependence is reproduced by calculations taking into account the A^*(1535) 
resonance 0,^31 but more exotic explanations are not ruled out : 



- the existence |32] of an isoscalar dibaryon resonance with zero isotopic spin and a small 



width, r ~ 7 MeV, or 



- the existence of a quasi-bound rjd-state (due to the strong rjN interaction), or 

- the possible presence of a nonperturbative ss-component in the nucleon which could allow 

a strong //-production from spin singlet np initial states pi |. 
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The study of the processes 7 + (i^n + p + ?7, e + d^e + d + r] and e + d^e + n + p + rj 
with particular emphasis on polarization observables, would help to identify the correct 
interpretation. 

We derive here a general analysis for pseudoscalar meson electroproduction on deuterons, 
based on general symmetry properties of the hadron electromagnetic interaction. A similar 
analysis limited to pion photoproduction on deuterons has been published [^5H 37||. Such 



a general analysis has to be considered as the first necessary step in the theoretical study 



of this process and is no substitute for dynamical model calculations [^,^. An adequate 
dynamical approach to pion electroproduction has to take into account all previous theo- 
retical findings related to other electromagnetic processes on deuteron, such as elastic ed 
scattering 7r°-photoproduction, •y + d ^ d + and deuteron photodisintegration 

■J + d ^ n + p [H2[- Similarly to these processes, the reaction e + d — ^ e + d + will 



face two main problems: the study of the deuteron structure and of the reaction mecha- 
nism, on one side, and the determination of the neutron elementary amplitude (vr^-meson 
electroproduction on neutron, + n — + n + tt^) , on another side. 

Elastic erf-scattering, being the simplest process to access the deuteron structure, has 
been considered, for large momentum transfers, a good case to test different predictions of 
perturbative QCD, such as the scaling behavior of the deuteron electromagnetic form factors 



and the hypothesis of helicity conservation |^. The analysis of the scaling behavior 
should help in defining the kinematical region of the transition regime from the meson- 
nucleon degrees of freedom to the quark-gluon description of the deuteron structure. In this 
respect coherent 7r°-electroproduction of the deuteron opens new possibilities to study the 
scaling phenomena in different regions due to the more flexible kinematical conditions: it 
unifies the kinematics of elastic eci-scattering, with its single dynamical variable (the mo- 
mentum transfer square, k'^) and the process of vr^-photoproduction, with two independent 
dynamical variables (the total energy s and the momentum transfer t from the initial to the 
final deuteron). As a result, three kinematical variables drive the process e + d ^ e + d + n^. 
Different mechanisms have a leading role in different kinematical regions. In order to in- 



terpret the first experimental data for e + d^e + d + n'^, witli small excitation energy of 
the produced c/vr'^-system (up to the A-resonance region) but at relatively large momentum 
transfer, fc^, the starting point of the theoretical analysis is naturally the impulse approxima- 
tion {lA). Similarly to previous calculations of elastic ed- scattering and vr^-photoproduction 
processes, as a further step, contributions of meson exchange currents (MEC) |^5| have to 



be evaluated in the resonance region, while rescattering effects [pi)|-|l^ have to be taken into 
account in the near threshold region. Large disagreements exist, up to now, in a quantitative 
evaluation of these effects. 

The present paper is organized as follows: 

a) we first establish the spin structure of the matrix element for the 7* + c? — > li + 
reaction and give a formalism for the description of polarization observables. The depen- 
dence of the d{e, e'P^)d differential cross section on the polarization characteristics of the 
deuteron target is derived in a general form, using a formalism of structure functions (SF), 
which is particularly adequate to describe, in the one-photon approximation, the polariza- 
tion properties for any e + A^e + h + A' process (where A is any nucleus and h is a single 
hadron or hadronic system). These structure functions are further expressed in terms of the 
scalar amplitudes which parametrize the spin structure of the corresponding electromagnetic 
current for the process '-/* + d ^ d + P^. 

b) we study the isospin structure of these reactions, 

c) using the lA , we give relations between the scalar amplitudes, describing the 7* + (i — *• 
ci + P° and the 7* + iV + P° reactions, 

d) we then examine the special kinematical conditions corresponding to threshold pro- 
duction, 

e) finally, we calculate some observables for e + rf— > e + d + n^ in the framework of the lA 
in order to study its sensitivity to the isotopic structure of the 7* + ^ + tt" processes 
near threshold and in the region of A excitation, at relatively large —k"^. 

The present analysis has been extended to the electroproduction of a "scalar" deuteron 
{i.e. np pair with = 0~^) together with a pseudoscalar meson which would be much more 
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difficult to investigate experimentally . The results are available on request to the authors. 



II. GENERAL FORMALISM FOR THE DESCRIPTION OFe+ d ^ e + d +P° 

PROCESSES 

A. Derivation of the cross section 

The general structure of the differential cross section for the e+d— >e+d+P° reaction 
can be established in the framework of the one-photon mechanism (Fig. 1) by using only 
the most general symmetry properties of the hadronic electromagnetic interaction, such 
as gauge invariance (the conservation of hadronic and leptonic electromagnetic currents) 
and invariance upon mirror symmetry (parity invariance of the strong and electromagnetic 
interactions or, in short, P- invariance) . The details of the reaction mechanism and the 
deuteron structure do not contribute at this step. 

The transition matrix element can be written: 



e 
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M(\\^] \V) = -u{k2h^u{h) {dP J, d) = -l,J,, (1) 



e 



2 



fc2 



where the notations of the particle four-momenta are explained in Fig. 1 and is the 
electromagnetic current for the transition 'j* + d — > d + P'^. Using the conservation of 
leptonic and hadronic currents, {k ■ J — || • ^ = one can rewrite the matrix element in 
terms of space-like components of currents only : 

M = ^].J,]=£-||L 

where k = {ko,k), ko is the energy, k is the three-momentum of the virtual photon in the 
CMS oiY + d ^ d + P^- All observables will be determined by bihnear combinations of the 

— * 

components of the hadronic current J: Hab = J^Jy- As a result, we obtain the following 

formula for the exclusive differential cross section in terms of the tensor components Hah'- 

d^a _ E2 \q\ 1 X 
dE2dVLjVLp ~ 64^^Mv^l-«;(-A;2)' 
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^2 

X = H^^ + Hyy + K COS 2<yi3 {H^^ - Hyy) " 2k—^Hz^ 



' 2/^(1 + [cos (i/^^ + H,^) - sin (i/j,^ + H,y)] (2) 



sin 2ip {H^y + ifya;) - Aa/1 - + K (-ffxy - -f^j/x) - W 2fi; 

V ki 



{sin (fi{H^^ - H^^) - cosip{Hy^ - H, 



zyni 



where k"^ = 1 — 2kj^tg^—/k'^ is the polarization of the virtual photon. Here Ei[E2) is the 
energy of the initial (final) electron in the lab system; 6^ is the electron scattering angle in 
the lab; dQ,^. is the sohd angle of the scattered electron in the lab system ; dQ.p and q are 
respectively the solid angle and three-momentum of the produced P°-meson in the CMS; 
M is the target mass; kL is the photon three-momentum in the lab system; A = ± 1 for 
the two possible initial electron helicities; (f is the azimuthal angle of the scattered electron 
with respect to the plane of the reaction Y + d ^ d + P^. The coordinate system is such 
that the 2;-axis is along k and the xz plane is defined by k and q. 



The tensor structure of Hab — J^Jy (where the fine denotes the sum over the final 
deuteron polarizations) can be written in the following form: 

= (3) 

where the indexes (0), (1) and (2) correspond to unpolarized, vector and tensor polarized 
initial deuterons, respectively The first term H^^ can be parametrized as: 

^ah = rham^hx + hahbh2 + Khh^ + [rh, k\ h4 + i \rh, k] h^, (4) 

<- J ab L Jab 

with I rh, A;} = rhakh + mhka, m,k = mafc6 — ''Ti5fca,- Here /ii - /?.5 arc the real SF's, which 

L J a6 L i ab 

depend on k^, s and t, n — k x q/ k x q , m — n x k, k — k/\k\. The SF's hi - determine 
the cross section for the reaction e-\-d — > e-\-d-\-P^ with unpolarized particles. The SF (the 
so-called "fifth" structure function) determines the asymmetry of longitudinally polarized 
electrons scattered by an unpolarized target. This T-odd contribution is determined by the 



product of longitudinal and transverse components of the hadron electromagnetic current 
and it is nonzero only for noncoplanar kinematics, 9? 7^ 0. This contribution is very sensitive 
to the details of the final state interaction. 

The tensor Hj^f^ is linear in the pseudovector S (vector polarization of the initial deuteron) 
and can be written in the following general form: 

Hab = ^ ■ S{{m,n}abhe + {kjfijabhj + i[m,n]abh8 + i[k,n]abh9) 

+n ■ S{rharhbhio + fiahbhn + kahhu + {m, kjabhn + i[m, k]abhu) 

+ k ■ S{{m,h}abhi5 + {k, hjabhw + i[m,n\abhn + i[k,n\abhi8). (5) 

So, 13 real SF's - his describe the effects of the vector target polarization for the exclusive 



cross section in the one-photon approximation. The symmetric (antisymmetric) part of 



(1) 

ab 



determines the scattering of unpolarized (polarized) electrons by a vector-polarized target. 
In particular, it is the symmetric part of , which induces T-odd asymmetries in the 
d{e, e P'^)d reaction. 

The integration of the tensor if^^^ over dVLp can be done in the following way, typical for 
inclusive polarized electron-hadron collisions 0: 



j H^^^dVtp = iSabcScWz + iSabckcS ■ kw4 + {ka 



kx S 



+ kb 

b 



kx S 



W5. 



For the inclusive structure functions W3 - W5 one obtains the following expressions in terms 
of integrals of the linear combinations of SF's hi: 



W3 



J {-hg - hu + hn)dVLp, 



^3 + ^4= / hijdQp, (6) 



J (hj - his)dnp, 



^Note, that for an unpolarized deuteron target the following formula holds: / H^dilp = 5abWi + 

kakbW2. 
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i. e. most of the exclusive SF's he - his do not contribute to the inclusive SF' s W3 - w^. 

Finally, for the tensor H^f^ , characterizing the effects of the tensor target polarization, 
it is possible to write the following general expression : 

+iQcdncnd)imambh24 + nafibh2h + Khh2& + {rh, k}abh27 + i[rh, A;]a6^28) 
+ {Qcdmckd){rhambh29 + naUbhso + kahhsi + {m, k]abh2,2 + i[rh, h^abh^z) (7) 
+{Qcdrhcnd){{rh, h}abhzi + (k, n}abh35 + i[rh, njab^ae + njab/isy) 
+{Qcdkcnd){{m, njabhss + {k, fijabhsg + iim, nlabh^o + i[k, n]„b/i4i), 

where Qij is a tensor polarization component of the deuteron target, Qu = 0, Qij = Qji, so 
the density matrix for the initial deuteron can be written as follows: 

1/3 \ 

DiaD*ib — g \^ab — -^i^abcSc — Qabj ■ (8) 

Therefore, for exclusive reactions like A{e, e)A'h, in the framework of the one-photon 
mechanism, the effects of the target tensor polarization are characterized by a set of 23 real 
SF's, hiQ - /i4i. However the result of the integration of this tensor over the angle dflp of the 
P°-meson reduces its dependence to 5 real structure functions only : 

j H^bd^p = (Qcdkckd) We (Sab - Kh) + w-jkah 

+Qab'W8 + (Qah + Qbka) Wg + i (Qah - Qbh) Wio, Qa — Qabkb- 

In summary, the exclusive differential cross section for unpolarized electron scattering 
in e~ + d ^ e~ + d + P is determined by a set of 28 (4o + 8i + I62 = 28) SF's, where 
the indexes 0, 1 and 2 correspond to unpolarized target (0), target with vector (1) and 
tensor (2) polarizations. For longitudinally polarized electron scattering there are additional 
lo + 5i + 72 = 13 SF's. These 41 SF's can be divided alternatively into 5 - describing electron 
scattering by an unpolarized deuteron target, 13 - describing the effect of the vector deuteron 
polarization and 23 - depending on the tensor deuteron polarization. Taking into account 
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the T-invariance of the electromagnetic interaction of hadrons, we can classify the set of 41 
SF's in lo + 81 + 72 = 16 T-odd structures and 4o + 5i + I62 = 25 T-even SF, as illustrated 
in Table 1. 

For inclusive hadron electro-production, the number of SF's reduces to two {wi —W2) for 
the unpolarized case, three {ws — w^), describing deuteron vector polarization effects and 
five {wq — wio), depending on the tensor polarization. 

This analysis takes into account the eventual vector and tensor polarizations of the 
target but not the polarization of the produced particles since a summation over the final 
polarization states has been done. It can be easily generalized to any other polarization 
observables such as the recoil deuteron polarization or the spin correlation coefficients. 

B. Amplitude analysis 

The next step in this analysis, is to establish the spin structure of the matrix element 
for the 7* + d — > d + P° reaction without any constraint on the kinematical conditions. 

This spin structure of the amplitude can be parametrized by different (and equivalent) 
methods, but for the analysis of polarization phenomena the choice of transverse amplitudes 
is sometimes preferable. Taking into account the P-invariance of the electromagnetic inter- 
action of hadrons, the dependence of the amplitude oi Y + ^ ^ d+ on the 7* polarization 
and polarization three- vectors Di and D2 of the initial and final deuterons is given by: 

F{^*d dP°) = e • A{giA ■ DiH ■ + ■ Dih ■ + g^k ■ Difh ■ + gS ■ Dik ■ D2*) 

+e- n{g^m ■ Difh ■ + g^n ■ Difi ■ + gjk ■ Dik ■ + g^fh ■ Dik ■ D| + ggk ■ Difh ■ D^) 

+ e • k{giofh ■ Din ■ + guk ■ Din ■ D^ + g^n ■ Difh ■ D^ + gi^n ■ Dik ■ (9) 

The process j* + d —>■ d + P'^ is described in the general case, by a set of 9 amplitudes 
for the absorption of a virtual photon with transverse polarization and 4 amplitudes for the 
absorption of a virtual photon with longitudinal polarization. These numbers are dictated 
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by the values of the spins of the particles and by the P-invariance of hadron electrodynamics. 
Taking into account the possible hehcities for 7* and deuterons ( in the initial and final states) 
one can find 3 (7*) x 3 {initial deuteron) x 3 {final deuteron) — 27 different transitions 
in 7* + d — > d -\- and 27 corresponding hehcity amphtudes fx^-\-^-\^, where are the 
corresponding helicities. Not all these amplitudes are independent, due to the following 
relations: f_x_^._x^._x^ = — (— 1)'^''~^^~^^/at.;Ai;A2) which result from the P-invariance. It 
is then possible to find that /oo,o = and that it remains only 13 independent complex 
amplitudes. Therefore the complete experiment requires, at least, the measurement of 25 
observables. Let us mention in this respect specific properties of polarization phenomena 
for inelastic electron-hadron scattering: in exclusive e + d— > e + d + P'^ processes the virtual 
photon has a nonzero linear polarization, even for the scattering of unpolarized electrons 
by an unpolarized deuteron target. Therefore, the study of the ip- and ^-dependences of 
the d{e, eP^)d differential cross section - at a fixed values of the dynamical variables s, t 
and k"^ - allows, in principle, to find not a single, but 4 different quadratic combinations of 
scalar amplitudes simultaneously: /ii, /i2, and /i4. The relationships between the structure 
functions hi,i — 1 — 41, and the amplitudes gk,k — 1 — 13, are given in the Appendix. 



III. THE 7* + d ^ d + REACTION AT THRESHOLD 
A. Derivation of the cross section 

The threshold region is defined here as the 7* energy region in which P°-meson production 
occurs in a S-state. This region may be wide as it happens in7-|-A'"— >A^-|-77or very narrow 
as in 7 + p — > p -|- 7r°. This region starts from s = (M -|- mp)'^, where mp is the mass of the 
produced pseudoscalar meson, but the momentum transfer squared k'^ can take any value 
in the space-like region (A;^ < 0). 

For threshold P°-meson production only one three- momentum, k, is present (instead of 
two: k and q, in the general case) and the full kinematics of the produced hadronic system 
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is fixed by the kinematical conditions of the scattered electron only, similarly to elastic ed- 
scattering. For S-wave production any angular dependence in 7* + c/ ^ d + 7r° disappears 
and the corresponding integration can be done trivially : / X^^Uflp = 47rX(*). Setting = 
means that for inclusive electron scattering, the xz plane is related to the electron scattering 
plane. The inclusive cross section is obtained by integrating the differential cross section 
(2): 

d^a _ E2 \q\ 1 




where the superscript (t) stands for threshold. 

The hadronic tensor H^^ , for the case of polarized deuteron target, can be written as : 

Hab = {^ab - kh) ti (k^) + kah t2{k^) + iSabcSMk^) + ieabcKS ■ kU{k^) 

[Sab - kah) te(k^) + kahtiik^) 
+ Qabh{k^) + {Qah + Qbk) tg (k^) + i {Qah - Qbka) tio(k^). (11) 

The quantities ti{k'^), i = 1 - 10, are real structure functions, which are bilinear combi- 
nations of threshold electromagnetic form factors which will be defined in the next section. 

The symmetrical part of the tensor H^^ determines the differential threshold cross section 
for the scattering of unpolarized electrons (by polarized and unpolarized deuterons) , and the 
antisymmetrical part characterizes the scattering of longitudinally polarized electrons. 

B. Amplitude analysis 

Taking into account the P-invariance of the hadronic electromagnetic interaction, the 
following threshold multipole transitions for 7* + d — > d + P° are allowed: 

Eli, Elt and M2 ^ ^ oo~ , 
13 



+ 



ka (k 



X S] +kJkx S 



h{k^)+{Q-k 



where J and P are respectively the total angular momentum and parity of the 7*0? system. 
Therefore, threshold P°-electroproduction is characterized by two transitions with absorp- 
tion of electric dipole virtual photons (with longitudinal £ and transverse t polarizations) and 
one transition with absorption of magnetic quadrupole (transverse only) virtual photons. 

The threshold amplitude of the process 7* + d — d + P° can be parametrized in the 
following way: 



where e is the polarization of the virtual 7-quantum. 

The form factor fit{k^) [fu{k'^)] describes the absorption of electric dipole virtual photons 
with transverse [longitudinal] polarization and the form factor f2{k'^), the absorption of a 
magnetic quadrupole 7-quantum. They have the same fundamental meaning as the elastic 
electromagnetic form factors of the deuteron. 

Generally they are complex functions of k"^, due to the unitarity condition (Fig. 2) in 
the variable s ( with a n + p system in an intermediate state with both nucleons on the mass 
shell). But their relative phases have to be equal to or tt, as a result of T-invariance of 
hadron electrodynamics (theorem of Christ and Lee [0). In general, they depend also on 
the s variable, so that fi{k'^) fi{k'^, s). 

In order to have a full reconstruction of the spin structure for 7* + d — > + P°, 
polarization measurements are necessary. A simple one is the tensor polarization of the 
scattered deuteron (or the tensor analyzing power using a polarized deuteron target). 

After summing over the polarization states of the final deuterons the following expressions 
can be obtained for the threshold SF' s ti - tiQ in terms of the electromagnetic threshold 
form factors /it(A;^), fie{k^) and f2{k'^) ■ 




(12) 



+e-kDixD*- kfu{k'^) 
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hie 



3t6(A;^) = -47^1 {oou(||^){e(ll"), 



(13) 



This a strong simplification compared to the 41 real SF's, depending on 13 complex ampli- 
tudes, which are necessary in the general case. 

The SF t^lk"^) is related to the asymmetry of unpolarized electrons scattered by a vector 
polarized deuteron target (with polarization orthogonal to the electron scattering plane), 
while the SF /iio(fc^) is related to the asymmetry of longitudinally polarized electrons scat- 
tered by a deuteron target with tensor polarization. These two SF' s are determined by the 
interference of the longitudinal (/i^(fc^)) and both transverse (/i* and /2) form factors of the 
threshold transition 'y* + d ^ d + . They define the T-odd polarization observables and 
must vanish if the relative phase of the longitudinal and transverse form factors is equal to 
or TT A dedicated experiment at SLAC |^ for the search of T-odd asymmetry of 

unpolarized electrons (and positrons) by a polarized proton target - with negative result - 
remains the best test of T-invariance in hadron electrodynamics (at moderate energies). No 
similar experiments have been done with a polarized deuteron target but an attempt to 
detect a nonzero vector deuteron polarization in elastic eti-scattering has been tried, with a 
negative result too. 
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From the expressions, obtained for the SF' s in terms of the corresponding threshold form 
factors, one can find an optimal strategy for performing a full experiment on P'^-meson elec- 
troproduction on deuteron near threshold. One must first perform a Rosenbluth separation 
for the differential cross section of unpolarized electron scattering by an unpolarized target, 
which allows to find the structure functions and t2{k'^). These SF's determine the 

total cross sections for the absorption of virtual photons with transverse and longitudinal 
polarizations. It is straightforward then to deduce, from the longitudinal structure func- 
tion t2{k'^), the /c^-dependence of the form factor fuik"^) - for absorption of electric dipole 
longitudinal virtual photons. 

The transverse structure function ti{k!^) contains the contributions of both transverse 
electromagnetic form factors, namely and |/2(fc^)P- If we interchange the transverse 

and longitudinal structure functions, we have a situation similar to elastic erf-scattering : 
for elastic erf-scattering the transverse structure function contains only the contribution of 
the magnetic form factor, so its fc^-dependence can be found directly (after a Rosenbluth 
fit), but the longitudinal structure function contains the contributions of the charge and 
quadrupole electromagnetic form factors of deuteron. To separate these contributions it is 
necessary to measure the tensor polarization of scattered deuterons or the tensor analyzing 



power [^]. From this we can conclude that the measurement of the tensor polarization 
of the final deuteron ine + rf— >e + rf + P° near threshold, will allow to separate the 
contributions due to fit{k^) and fiik"^)- 

This procedure, however, does not give the sign of the threshold form factors. For elastic 
erf-scattering, using the well known values of the static electromagnetic characteristics of 
the deuteron : its electric charge, magnetic and quadrupole moments, it is possible to 
extrapolate the sign step by step for any values of the momentum transfer square k"^. We 
can use the same method for 7* + rf ^ rf + P", using at fc^ = the signs of the amplitude 
for 7 + rf ^ rf + P*^ which can be deduced, in principle, from the signs of the threshold 
amplitudes for the elementary processes 7 + — + P°. 
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We can also find the sign of tlie fulk"^), fulk"^) and /2(fc^) form factors at any value fc^ 
by using their relation with the form factors of the 7* + — > N + reactions at threshold. 
The matrix element for S-wave P°-meson production on a nucleon can be parametrized in 
terms of two form factors, namely : 

- ATP') = xt[{ff-]-]-U- f){u(P) + {KP)T- f ^ ■ Ixoo, (14) 

where xi ci-nd X2 are the two component spinors of the initial and final nucleons; ft{k'^) and 
fe{k'^) are the threshold electromagnetic form factors, corresponding to the absorption of 
electric dipole virtual photons with transverse and longitudinal polarizations. At k"^ = 0, 
fi{0) = and ft{0) = Eq+ is the threshold electric dipole amplitude for 7 + — + vr 
(with real photons). 

In the framework of the lA (Fig. 3) the form factors fulk"^), fuik"^) and j^ik"^) for 
7* + (i ^ + P° can be directly related to the form factors feik"^) and ft{k'^) for 7* + A^ — >■ 
A^ + po. 



IV. IMPULSE APPROXIMATION 

The most conventional starting point of possible mechanisms for pion electroproduction 
on the deuteron is the lA . This is, for example, the main mechanism in the region of A- 
excitation, where the rescattering effects for 7 + — >■ c? + vr" are negligible |[10|JTT[1 . A special 



attention has to be devoted to the threshold region, for 7(7*) + ^ + 7r°, in particular 
for pion electroproduction in S-state where the rescattering effects may play an important 
role. Nevertheless, it is possible to show, in a model independent way, using only the Pauli 
principle, that the main rescattering contribution due to the following two step process: 
7 + (i p + p + 7r^(and n + n + 7r+) ^ d + 7r° vanishes, when the two nucleons in the 
A^A^TT-intermediate state are on mass shell. We plan to discuss this problem in a separate 
paper. 



17 



A. Isospin structure of the 'y* + d d + and 'y* + d—^p + n + P^ reactions 

As it is well known, isospin is not conserved in electromagnetic interactions of hadrons, 
but the hadron electromagnetic current has definite transformation properties relative to 
isospin symmetry. In general, this current contains an isoscalar and an isovector components. 
The isotopic spin of deuteron is equal to zero, therefore the amplitude of the j* + d —>■ d + tt^ 
process is defined by the isovector part of the electromagnetic current only. On the other 
hand the amplitude of the '-f* + d —>■ d + 1] reaction is defined by its isoscalar part. 

If the amplitude of the 7 + — > N + rj reaction (with real photons) is driven in the 
near threshold region by the S'ii(1535) contribution, which is dominated by the isovector 
part, then the amplitude of F{'~fd —>■ drj) must be small. However the first 7(i drj 
experiment found a very large cross section [^]. During seventeen years any attempt to 
resolve this contradiction in the framework of quark models and multipole analyses of the 
7*A^ 7tN reaction, taking into account effects like rescattering, were unsuccessful. A 



dedicated experiment ||2^ with a tagged photon beam, found that the main contribution to 
the (i(7, r])X reaction is due, in fact, to the inelastic deuteron break-up 'j + d—>-r] + n+p. 
In this process, the isovector nature of the transition 7 + ^ 511(1535) results in the 
production of a (r;,p)-system with isotopic spin 1 = 1. Therefore, near the threshold of the 
'~f + d—>-r] + n + p reaction, it must be produced in a singlet state with J = i. This simplifies 
drastically the spin structure of the amplitude of the 7 + 6?— i>(i*-|-?7,(i* = {n\'p)j=, process 
since its coherent part must be determined essentially by the isovector [i.e. large) part of 
the elementary 7 + — + process (in the framework of lA^ (Fig. 4)). 

In general, the amplitude for 7 + (i— >-n-|-p-|-P° (Fig. 5) contains an isoscalar and an 
isovector part : 

Field npP°) = Fd{t)F{^p pP^) - Fd{u)F{-fn nP°), (15) 

where Fa is a generalized deuteron form factor, the variables t and u are the virtual p and 
n four-momentum squared. The minus sign in Eq. ( P^ ) is the consequence of the specific 
isotopic structure of the d ^ p* + n and d ^ n* + p vertices (with one virtual nucleon A^*). 



771 

At threshold the u and t variables are equah uq = to = m? — rni (in the hmit: 

^ 2m + rup 

M = 2m, m is the nucleon mass ). Above threshold u and t are no longer equal. 
Rewriting Eq. (|15[): 

F{^d ^ npP) = ^ [Fdit) + Fd{u)] [f(7p pP°) - F{^n nP°)] (16) 
+ ^ [Fd{t) - Fd{u)] [f(7P pP') + F{^n ^ nP°)] , 

it is possible, by changing the variables u and t to control the relative role of the isoscalar 
and isovector contributions. 

As mentioned above, the isotopic structure of the threshold amplitudes for 7 + — >■ 
A^ + TT*^ is a very actual problem. Both coherent processes, j + d —>■ d + tt^ and 7 + — »• 
d* + TT^, are sensitive to this structure but the F{'-fp —>■ pn^) and F{'~fn —>■ mr^) amplitudes 
contribute differently to these processes. Therefore, the ratio of their cross sections near 
threshold will be essentially sensitive to the (small) £'0+ electric dipole absorption amplitude 
in 7 + n — i> n + vr*^. This ratio can be calculated using the existing experimental value for 

7 + p p + vrO 0: Eo+{-fp ^ pn^) = (-1, 32 ± 0.05 ± 0, 06)— 10"^ and the theoretical 

m^ 

predictions for 7 + — > + tt^. For example, using the ChPT value as calculated in [0: 

Eo+hn rni^) = 2.13 10"^ one would get: 

m^ 

^ ^ aj^d ^ d*n^) ^\Sl^ 11.32 + 2.131^ ^ 

ai-fd^d-iT^) \vf |1.32-2.13|^ ' 

If instead of ChPT predictions for 7 + n — > n + 7r° we had taken dispersion relations 
calculations |Q, we would get R ~ 373. We should notice that the dispersion relation 
calculation for neutron seems to be less stable than the one for proton. In any case these 
very large variations emphasize the large sensitivity of R to the isotopic structure of the 
•y + N N + 7!-^ amplitudes. 

Besides the real photon point, the fc^-dependence of Eq+ for both the 7* + p — >■ p + 7r° 



and 7* + n ^ n + TT reactions is also very interesting pl| ,p 
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B. Relationship between the 7* + d ^ d + P° and + N ^ N + amplitudes 



In the framework of lA (Fig. 3), the matrix element Al(7*[ — > \V') for the 7* + d 
d + P° process can be written: 



M 



H Q 



00 

Q 



(18) 



Q^k-q, 2p = pi - pi + -Q, 



where Pi=pi+P2, -P2 = Pi +P2, and k+pi — q + Pi (the notation is explained in Fig. 3), 



F{jN ^ iVP°) = xtFxu 
F ^ (a ■ K + l) /2 



(19) 



and X, L are the spin-dependent and spin-independent contributions to the matrix F. 

For the deuteron wave function we shall use the following representation, which takes 
into account the S- and D-waves in the np-system : 



(2n) 
1 



(20) 



1(72 

71' 



r -\/2r \ 

where u{r) and w{r) are the standard wave functions of the S- and D-states in deuteron. 
Expression (18) is particularly convenient to establish the spin structure of the amplitude 
of the 7* -I- d — > d -I- P° process. Since in general the amphtudes K and L (for the processes 
7* -|- ^ + P°) depend on the integration momentum p in (18), the wave functions 
u and w of the initial and final deuteron will not depend on the same variable. Indeed, 
due to the nonlocahty of 7*A^ — > NP^ vertex, the coordinates r and r of the initial and 
final deuterons do not coincide. However, choosing the K and L amplitudes at a particular 
value of the internal momentum pi, F can be taken outside the integration symbol. This 
allows to express the quantity M. in terms of a definite combination of deuteron form factors, 
multiplied by the isovector (isoscalar) amplitudes for the 7*-|-A^ — >■ N + t:^ ['^* -\-N N + t]) 
reaction {factorization hypothesis). 
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This procedure is usually justified by a rapid fall-off of v^(|p)| when |p| increases and by 
a (relatively) weak dependence of the K and L amplitudes on 
After some transformations, Eq (18) becomes: 



M{-f*\^ \V') = D^D*^LF^{Q^) + 2 (^D^ ■QD*,-Q-D,- D^j LF^iQ^) 

+iK -DixD*^ (FsiQ^) + F^{Q^)) - 3tK ■ (^^ ■ x DIF^{Q^), (21) 



with Q = [k — qj /\k — q\, where K and L are the values of K and L for a definite value of 
Pi (see below). 

The generalized deuteron form factors Fi{Q'^) are defined by : 



oo 

V 2 



°o . fQr 

It 

~ . fQr 

It 



u^ir) + w'^(r) 



u{r) 



w{r) 



w[r] 



(22) 



Jo 



1 



u{r) H — -i=w{r) 
v2 



sm X 

X 



J2[X) 



3 1 \ cos X 
smx — — 3 — -— . 



x-^ X 



x^ 



The combinations of the deuteron wave functions u{r) and w{r) in Fi{Q'^) define the charge, 
the magnetic and quadrupole form factors of the deuteron. The fourth form factor F^ in 
Eq. (22) is associated with a nonconservation of the current of the transition d ^ d + 7r°, 
due to the specific structure of the triangle diagram contribution. 

The calculated form factors, Fi{Q'^), using Bonn [^] and Paris deuteron wave func- 
tions, are shown in Fig. 6. 

The quantity Q"^ characterizes the value of the four-momentum transfer squared t in the 
Y + d ^ d + reaction. 



t= {k-qY = 2M [M - + g2 



so that t = —Q^, when Q 



< M. 
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Obviously, the structure of the 7* + d — > d + P° amplitude, Eq. (21), is not the most 

— * — * 

general one, even in the case of arbitrary values of K and L and deuteron form factors Fi{Q'^) . 
Let us consider first the general spin structure of the amplitude for 7*+A^ — > N+P^ process : 

T = ie-k X qfi + a ■ 6/2 + a -k e - qfs + a ■ q e- g/4 (23) 

+e- k{a-kf5 + a ■ qfa), 
where fi = /i(si, t, /c^) are the scalar amplitudes for 7* + A?" — > A?" + P'^, so that 

— * 

L — if it - k X q, 

K = e • /2 + I (e • ts + e- + ^q[e- ^4 + e • ^/e) ■ (24) 

Comparing the expression (21) for the amplitude M.{'y*d dP^) in I A with the general 
spin structure of the amplitude one can establish a definite connection between both sets of 
scalar amplitudes, namely Qi, i — 1 — 13, for 7* + d — > c? + P° (on one side) and fk, k — 1 — 6, 
for 7* + A?" — > A?" + P° (on another side) . Their exact relations are given below: 



91 = -^3 = sin e(fs + cos ef4) (F3 + F4 

-^Qk {Qmf2 + Qk sin ef^ + Q, sin Of^) F4 (Q^) , 

92 = -94 = -(/2 + sin^ 9f,) (F3 (Q') + F4 (g2)) 

+^Qm {Qmf2 + Qk sin e + Qg sin ef^) F4 , 

g, = sin^/i [Fi + 2F2 {Q') {sQI - l)' 
g,^smef^[F^{Q')-2F2{Q^)], 
gr = sin^/i [f, {q') + 2F, {q') (sQI - l)' 
gs = 6smeQmQkfiF2 (Q^) - /a (^3 (Q') + F^ (Q^)) , 
g, = 6sin^Q„Qfc/iF2 [q') + (F3 (Q') + i^i (Q')) , 
510 = -512 = if 2 + /3 COS e + /4 cos^ ^ + /s + /e COS e (Fa (g^) + (Q^)) 
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-SQk[Qk{f2 + f3C0Se + /s) + g,(cOS^/4 + /6)]F4 (Q^) , 
gil = -913 = -Sme{cOSeU + /6)[i^3 (g') + F^iQ^)] + 3Qm[Qk{f2 + COS^/3 + /s) + 
g,(cOSe/4 + /6)F4(Q'), 

where Qm — Q ■ rh, Qk — Q ■ k, + = 1, Q'^ — sin^ , and 9 is the P°-meson 

\k — 

production angle in CMS of 7* + d — > d + P° process. 

Note that the relations gi + gs — 92 + 94 — gio + gi2 — gii + gi3 — 0, which are correct 
for any amplitude fk, result from the factorization hypothesis. 

Neglecting the D-wave contribution, we can predict that the following ratios: 

- / + K^), = (i/ar + i/4r - i/ir - i/2r) / (lAr + i^r + i/ar + i/4r) , 
(Hif) / {h^ + Kj)^ = (1/5^ + i/er) / (i/ir + 1/2^ + i/sr + i/4r) , (25) 

which do not depend on deuteron form factors and therefore on the deuteron structure. 

C. Threshold 7r° electroproduction within the impulse approximation 

At threshold the L and K amplitudes for 7* + — > A?" + P'^ reduce to: 

K ^ ft(e-ke-ltj + feke-k, L = 0, 

where fe{k^) and ft{k^) are the threshold form factors for 7* + A" — > A"+7r°, corresponding to 
absorption of electric dipole virtual photons with longitudinal and transverse polarizations. 

Taking into account the fact that, at threshold, Q = k, one obtains the following form 
factors for 7* + d ^ d + 7r°, which are correct in the framework of the I A : 

Mk')^Me){Fs + F,), fu{e)^Me){Fs-2F,), /2(A;2)=0, 

i.e. the magnetic quadrupole form factor f2{k^) is equal to zero in this approximation, 
independently of the deuteron structure. 
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V. MODEL FOR 7* + iV ^ + vr" 

In order to calculate the scalar amplitudes Qi, i = 1 — 13, for the 'y* + d ^ d + process 
in framework of lA , it is necessary to know the Q^-dependence of the deuteron form factors 
FjiQ"^), j = 1 — 4, from one side, and the elementary amplitudes /fc, = 1 — 6, for the 
process 7* + — + vr", from another side. In order to calculate the isovector part of 
the amplitudes ft for 7* + — > + 7r°, we shall use the effective Lagrangian approach- 
with a standard set of contributions (Fig. 7). Such model has successfully reproduced the 
experimental data for the process e + p e + p + tt^ in the following kinematical 
conditions: 1.1 < 14^ < 1.4 GeV and — /c^ = 2.8 and 4.0 (GeV/c)^, in the whole domain 
of cos and azymuthal angle 0. The main ingredients of this calculation were the s- and 
u-channel contributions of N and A, with particular attention to the 'off-shell' properties 
of the A— isobar. The comparison with the experimental data allowed to determine the 
following values of the electromagnetic form factors for the 7* + p — ^ A+ transition: 



Gl,/3Gd, Gd = il- kyo.71 GeV')-^ Rem = E,+/M^+, Rsm = Si+/M: 



1+1 



where Mi+, and S'i+ denote the magnitude of the magnetic dipole, electric (transversal) 
quadrupole and Coulomb (longitudinal) quadrupole amplitudes or transition form factors 
for the 7* + A^ — > A excitation. In our analysis we will use the two following results of the 



experiment |55 



• The magnetic dipole form factor G^jik"^) dominates, i.e. the ratios Rem and Rsm are 
small (in absolute value); 

• The magnetic dipole form factor G\^ decreases with —k"^ faster than the dipole formula. 

We parametrize the inelastic magnetic form factor G\j{k'^) = G{k'^) for the A^ ^ A 
electromagnetic transition with the help of the following formula: 

, _ G{0)G,{e) 
{l-kVmir 
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Using the last experimental data about the ratio G{k'^)/3Gd we find = 5.75 (GeV/c)^, 



in agreement with previous estimates [56 



Note in this connection, that the new JLab data ||5^ about the electric proton form 
factor GEp{k'^) show also a deviation from the dipole formula, with a similar value of the 
parameter m^. 

In order to calculate the amplitudes /«, i = I, ..6, for the elementary processes e~ + N ^ 
e~ + N + iT^, N = p OT n, we will use a model similar to but with the following 
modifications: 

• we introduce a term describing the exchange of u;-meson in the t— channel; 

• the s-channel contribution of the A isobar is parametrized in such a form to avoid any 
off-mass shell effects (such as the admixture of 1/2=*= or 3/2" states). 

• the M— channel of the A— isobar is neglected. 

In order to justify the last option, let us note the essential difference between the 
M— channel contributions of and A. The necessity to introduce the w-channel contri- 
bution from the proton exchange in the process 7* + p — p + 7r° is dictated by the gauge 
invariance of the electromagnetic interaction. As a byproduct, it derives the crossing sym- 
metry for the resulting s + u proton exchange. In case of A-exchange, there is a different 
situation with respect to the above mentioned symmetry properties: the gauge invariance 
and the crossing symmetry. Due to the non-diagonality of the electromagnetic transition 
7* -f- iV — >■ A, it is possible to parametrize this vertex in a gauge invariant form indepen- 
dently from the virtuality of the A. Therefore, the A-contribution only in the s-channel, is 
gauge invariant, independently from the w-channel A-contribution. This means that for the 
A-contribution there is no direct connection between the gauge invariance and the crossing 
symmetry, as for the proton exchange. Moreover, even the A-contribution in s— and u- 
channels simultaneously will not induce crossing symmetry. Namely due to the presence of 
the A-pole in the physical region of s-channel, it is necessary to introduce the A— width in 
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the corresponding propagator- with resulting complex amplitudes, whereas the channel 
A-contribution is characterized by real amplitudes. It turns out that we do not have ex- 
act crossing symmetry for the A- contributions, even for the sum of M-and s diagrams with 
A-exchange. 

We will consider only the s— channel A-contribution. In order to avoid problems with 
off-mass shell effects, we write the matrix element for the A-contribution following the two- 
component formalism for the description of the spin structure of both vertices, A ^ N + tt 
and 7* -I- A?" — > A. Therefore we can write: 

7-1-A^— >A: exk- x'lxii Ml transition, only! 

A^N + n: xl^x ■ Q, 

where I is the identity matrix. Each component of the vector x is a 2-component spinor, 
satisfying the condition it • x = 0, in order to avoid any spin 1/2 contribution. Using for the 
A density matrix the following expression: 

Pab — -^\Oab — -^^abc'^c): 

we can write the matrix element for the A-contribution in the CMS oi 'f* + N ^ N + tt^ as 
follows: 

•^A = ^^(^ xli'^ie- kx^q + cosO^a -e-a-ke- q)xi\/ {Ei + m){E2 + m), 

— S — ll A-f^A 

(26) 

where Ma (I^a) is the mass (width) of A. 

The following A contributions to the scalar amplitudes, /jA, i = 1 — 6, can be derived: 

/iA = 2n(s,A;2), 
/2A = cos6'^n(s, A;^), 

/3A = -n(s,^2)^ (27) 
26 



/4A = fbA = /eA = 0, 

where we use the notation: 

The normahzation constant G{0) can be deduced from the value of the total cross section 
for the reaction 7 + p ^ p + 7r° (with real photons) at s = M^: 



where 



_ Mi + _ Mi + - 

2Ma ' 2Ma ^ 

Mi - 



2Ma 

Using the spin structure of the resonance amplitude (27), we obtain the following structure 
for the resonance contribution to the matrix element of the process 'j* + d ^ d + tt^: 

MA{'y*d ^ dir) = hl{s, k^) |2sin^e • k (Q^) ■ D2 + (Q^) (3i5i • ^D^* - Q-D^- D^) 



+ 



(f^(q^)+f,{q^)) 



e ■ m fh ■ Di X D2 + e ■ n n ■ Di x D2 j cos 6' — e ■ q k ■ Di x D2 

-3cos^F4 (g^) e-kQ-D^x D2*Qm + SF4 (Q^) e-^qQ-D^x D2*Qkj . 

Taking into account only the S-wave component of the deuteron wave function it is possible 
to predict the 9— dependence for the simplest polarization observables for 7* + d — > d + 7r°: 

and in the case of tensor polarized deuterons : 

(^xx + H^y) I {h^x + ^S^o = ~^^^4(3_2cos2e)' 

{^i^J - H^y') I {^xx + -^TO )o ^ '-^^^ ~ ^^-^ 4 (3 - 2 cos^ Q) ' 

For comparison, note that in the case of the process e+p— >-e + p + 7r° we have (for an 
unpolarized proton target): 
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y^-'xx ^-^yy J I \^-^xx ^ ^-^yy ^ 



5 — 3 COS^ 9 

The matrix element M.^ for the tu-exchange in 7* + iV — »• iV + 7r° can be written in the 



following form: 



m^{t - mi) 



7p - - 



u{pi 



The constants k^^ and (7,^ are fixed by the Bonn potential [Q: = 0, 5'^/47r = 20. The 
VDM suggests the following parametrization for the form factor Gi^{k'^): 

Guj{k ) = - YY'i 2' 
1 — k^/mp 

The value G(^(0) can be fixed by the width of the radiative decay lu tcj, through the 
following formula: 



r(c. ^ 7r7) = -G^(0) ( 1 - ::f 



where BR{uj 7r°7) = T{iu tt^i)/T^ = (8.5 ± 1.5)%, = (8.81 ± 0.09) MeV and 
= 782 MeV. 

Concerning vector meson exchange in e~ + — > + + vr, it is known ||^, that the 
vector meson exchange is important for the processes 7 + — > + vr, in the considered 
region of W. Due to the isovector nature of the electromagnetic current in 7* + d — + 7r°, 
the p°-contribution to 7* + A^ — > A^ + TfO is exactly cancelled. The VDM parametrization 
of the electromagnetic form factors suggested above for the 7*7ru;- vertex as to be considered 
as a simplified possibility for the space-like region of momentum transfer, where there is no 
experimental information. However, in the region of time-like momentum transfer, different 
pieces of information exist. Let us mention three of them. The decay uj tt + + i~ 
59| allows to measure this form factor in the following region 4m^ < fc^ < (m^ — m^)^. 



where me is the lepton mass. The process e+ + —>■ tt^ + uj is driven by the considered 
form factor in another time-like region, namely for > (m^ + m^)^. For completeness 
we mention the ^ Ut- + + uj decay ||HT|. The presence of the same factor Gt^{k'^) in 
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processes so different as e"*" + e~ ^ tt^ + uj and r ^ Ur + 7[~ + u results from the well known 
CVC hypothesis (Conservation of Vector Current for the weak semileptonic processes). 

Note also that we have taken a 'hard' expression for the VDM form factor, 
which is assumed to reproduce at best the structure function yl(fc^) of elastic ed scattering, 
through the calculations of the meson exchange current due to up exchange [^]. However 
this conclusion is correlated to the properties of the nucleon form factor, especially with 
the behavior of the isoscalar electric form factor, Ges = (Gep + Geti)/'^- New Gep data 
||57| (with large deviation from the previously assumed dipole behavior) will also favor a 
hard form factor Gi^{k'^) for the good description of the k"^ dependence of A{k'^) at large 
momentum transfer. However a satisfactory description will depend also on the large k^- 
dependence of the neutron electric form factors, which will be measured in the next future 
up to |A;^| = 2 (GeV/c)^ |Q. It is then expected that the different observables in the 
processes e + A^ e + N + tt^ and e + d e + d + tt^ at relatively large momentum 
transfer are sensitive to the parametrizations of the form factor Gi^{k^). For example, the 
VDM parametrization for G^^{k'^) shows that this form factor is 'harder' in comparison with 
nucleon and N A form factors. Therefore, in this case, the relative role of tu-exchange 
will be essentially increased at large momentum transfer. 



VI. RESULTS AND DISCUSSION 

In order to test the model for 7r° electroproduction on deuterons, we compared our 
calculation to experimental data on 7r° and tt"^ photoproduction on proton in the A-resonance 
region. The angular distributions at different energies of the real photon reproduce quite 
well the existing data, a sample of which is shown in Fig. 8. This agreement justifies 
the generalization of the model in case of vr^-electroproduction on nucleons, e~ + — *■ 
e~ + + 7r°, by introducing the corresponding electromagnetic form factors in the different 
photon-hadron vertices (see Fig. 7). Note also, that the resulting electromagnetic current for 
the process 7* + A^ N + 71^ (with virtual photon) still satisfies the gauge invariance, for any 



29 



parametrization of the electromagnetic form factors, and for any values of the kinematical 
variables fc^, W and cos^tt- However this model does not satisfy the T-invariance of the 
electromagnetic interaction, but here we will consider only T-even observables, such as the 
different contributions to the d{e, eTr^)d differential cross section ( with unpolarized particles 
in the initial and final states). This problem, which is common to all modern approaches 
of pion photo- and electro-production on nucleons, is generally not discussed in the existing 
literature. 

In the framework of lA , as it was shown before, the deuteron structure is described by by 
four inelastic form factors Fj(Q^), i = 1 — 4, where the argument depends on all the three 
kinematical variables, /c^, W and cos 9^^, which characterize the process 7* -|- — > -|- tt: 

Q^^{k- q)^ + e - 2|^| |?1 cos^^, 

with 



2W 

W"^ + ml -m^ 



2W 

Fig. 9 illustrates the dependence of the variable on cos at fixed values of k"^ and W, 
at W=1.2 GeV and W=1.137 GeV (which corresponds to = 220 MeV, see Fig. 8). This 
dependence is similar for all values of k"^, in the interval \k'^\ = 0.5-i-2.0 (GeV/c)^. Note that 
Qmax — 3 (GeV/c)^ at — /c^ — 2 (GeV/c)^ , so, at the same value of four momentum transfer, 
the process 7* -|- d — > d -|- 7r° is driven by the deuteron form factors at higher momentum 
transfer in comparison with elastic ed-scattering. 

Comparing Fig. 9 and Fig. 6 (which shows the Q^-dependence of the deuteron form 
factors, in the interval < < 3 (GeV/c)^), one can see that in the range — A;^ = 0.5-=-2.0 
(GeV/c)^, the deuteron form factors are very sensitive to the behavior of the deuteron wave 
function calculated in different NN-potentials. 

The ^^-dependence of all four contributions to the inclusive d(e, e7r°)d cross section, 
namely H^^ ± Hyy, H^z and H^z + H^x, for different values of k'^ and W is shown in Figs. 10 
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and 11 0. In order to show the relative role of the different mechanisms for the elementary 
processes 'j* + N —>■ N + tt (in the considered kinematical region for the variables fc^ and 
W), each picture shows four curves: A contribution only, A + s + u (nucleon diagrams) 
and A + s + u ± uj. The calculations are shown for both relative signs of the vector meson 
contribution in order to stress the importance of the u contribution. The positive sign has 
been choosen from the comparison with experimental data on 7 + p ^ p + n^ (real photons). 

The uj contribution is important for all the four considered observables, in particular 
for the Hxx ± Hyy terms at 9t, ~ 80"; in the case of Hzz the largest sensitivity appears for 
backward 7r° electroproduction. 

The relative role of the absorption of virtual photon with longitudinal and transversal 
polarizations depends essentially on the variables fc^ and W, with an increase of the ratio 
Hzz/{Hxx + Hyy) with —k"^. At W=1.2 GeV, where the A-contribution (with absorption of 
transversal virtual photons) dominates, the relative role of Hzz is weaker in comparison with 
H^x + Hyy. However for —k^ > 1 (GeV/c)^ Hzz exceeds H^^ + Hyy, even in the resonance 
region. 

The ratio {H^^ — Hyy) / (Hxx + Hyy) is negative (due to the dominance of the transversal A 
and tu-contributions) and has a ~ sm^^^r behavior. The longitudinal-transversal interference 
contribution, H^z + Hzx, shows a particular sensitivity to the different ingredients of the 
model, with strong 6',^- dependence, in the whole considered kinematical domain. 

In view of the importance of the u contribution to all observables for the d{e, e'n'^)d pro- 
cess, we studied the sensitivity to the choice of the electromagnetic 7*Ci;7r- vertex form factor. 
For this aim we used two parametrizations, a hard monopole form, G'^\k'^), predicted by 
the standard VDM, and a soft dipole form G^\k'^): 



^Note that in our normalization, Eq. (2), all components Hat are dimensionless numbers. 



G'.(O) 



Gl'\k') 



GJO) 
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Fig. 12 shows the ^7r-dependence of the following ratios: 

/ /j \ i^HxX i Hyy^ fiard i^HxX i Hyy) gQjf 

r±[COSUT,) = — „ \ I (TT I TT \ 

y-^xx ^ J^yy jhard ~r \J^xx ^ J^yy ) soft 

for two different values of fc^ (-A;^ = 0.5 and 2 (GeV/c)^) and = 1.137. For W = 1.2 GeV 
(Fig. 13) the largest sensitivity to the choice of the form factor Guiik"^) appears at forward 
angles for Tr'^-production, whereas at = 1.137 GeV all angles are equally sensitive to this 
choice. At the A-resonance this sensitivity increases slightly with —k'^. 

The absolute measurements of the different contributions to the inclusive cross section 
for (i(e, e7r°)(i will help in defining the appropriate fc^-dependence of the form factor G^{k'^). 
However , as we can see on Fig. 14, the absolute values of the Hxx ± Hyy contributions, 
the shape and absolute values of H^z and Hxz + H^x are also sensitive to the existing 
A^A^— potentials, in particular at large fc^. In Figs 15, 16, 17 and 18, we illustrate the 
behavior of the four observables, for different parametrizations of the following ingredients: 

• the deuteron wave function: for the Bonn and Paris ||5^ potentials. 



• the electromagnetic form factors for the 7* ttcij- vertex: hard (VDM) and soft (dipole) 
parametrizations; 

• the electromagnetic form factor of the proton: dipole or a 'softer' parametrization 
based on recent data on the proton electric form factor. 

The differences between the different parametrizations increase at large momentum transfer. 

The inclusive cross section for d{e, e)7T^d is characterized by two contributions, only. 
After integration over dQ^^, we have: 

r+l 



Ht{k\W) = dcose^{Hxx + H, 
Hi{k\W) = dcose^Hzz- 



The three-dimensional plot of Fig. 19 shows the dependence of these inclusive functions, on 
k"^ and W. The calculation is done here, for the hard form factor G^^, the dipole form factor 
Gep and the Bonn deuteron wave function. 
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VII. CONCLUSIONS 



We have made a general analysis of coherent pseudoscalar neutral mesons production on 
deuterons, e + d^e + d + P'^, which holds for any kinematics of the discussed processes. 
Threshold P°-meson production (at any value of momentum transfer square k"^ and for 
the minimum value of the effective mass of the produced hadronic system) is especially 
interesting due to the essential simplification of the spin structure of the corresponding 
amplitudes and to the decreasing number of independent kinematical variables. Another 
kinematical region, which is interesting for the process 'j* + d ^ d + tt^ , is the A-isobar 
excitation on the nucleons. 

Coherent P°-meson production is interesting due to its special sensitivity to the isotopic 
structure of the threshold amplitude for the elementary processes 'j* + N N + P^. 

The TT^-meson electroproduction on the deuteron allows to measure the threshold ampli- 
tude for 7* + n — i> n + vr*^, which is important for testing hadron electrodynamics |]67| . 

The ?7-meson electroproduction on the deuteron could be important for the study of riN- 
and ?7(i-interactions, in particular after the finding of a strong energy dependence of the cross 
section of n + p^d + r] process near threshold. 

The lA can be considered as a good starting point for the discussion of corrections such 
as mesonic exchange currents, isobar configurations in deuteron, quark degrees of freedom, 
etc., but rescattering effects will also have to be discussed, in particular for ?7-production 
near threshold. 

Using an adequate model for the elementary processes of vr^-electroproduction on nucle- 
ons, e~ + N ^ e~ + N + 71^ , which satisfactorily reproduces the angular dependence of the 
differential cross section for the processes 'j + p —>■ p + tt^ and 7 + p — > + vr"'" (in the A- 
resonance region), we estimated the four standard contributions to the exclusive differential 
cross section for the reaction d{e, e7r°)(i as a function of the variables k"^, W and 6'^. These cal- 
culations were done at relatively large momentum transfer square, —k"^ = 0.5-^2.0 (GeV/c)^, 
where recent data exist. All observables show a large sensitivity to the parametrization of 
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electromagnetic form factors, in the considered model. A special attention was devoted to 
the study of the effects of soft and hard parametrizations of form factor for the 7ra;7*-vertex, 
as well as to possible deviation of the proton electric form factor from the dipole fit. More- 
over, as it is well known for elastic ed-scattering, we find here, too, a large dependence of all 
the observables to the choice of A'"A^— potential. The large sensitivity of the d{e, e7r^)d cross 
section to the cu-exchange contribution can be used, in principle, to study the corresponding 
electromagnetic form factors in the space-like momentum transfer region. 
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Appendix 

We present here the expressions for the structure functions hi — hn in terms of the scalar 
amplitudes gi — gi^. The SF's hi — h^ corresponding to the interaction with an unpolarized 
deuteron target can be written as: 



3hi = 


1^1 




I52I 






r+i, 


3/l2 = 


\95 




1^6 1 


l' + 


1^7! 





3/i3 = \giof + \giif + \g12f + \g13f , 



We derive fhe following expressions for the SF's h^ - his, which characterize the effects of 
the target vector polarization : 

he = -n (}er/-}3};-}A}r), 
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hs = n\ (kr/-}^}3-}A}r), 

/ll2 = -22J]^ }oo/}^oo) 
^13 = -^t (}oo}^oo - }e}*oo/) > 
hu = 7^1 (}oo}^oo ~ }&}lol) ' 
/115=X$ (}oor/-}3}^-}AK), 

^16 = Ovl^e - }}^/ - hVooB) > 
/^17 = -7^1 (}oor/-}3}^-}AK), 



Finally for the SF s hig - h^i, which describe the effects on tensor target polarization, one 
obtains : 



= - \9i 




\92\ 


= - 1^5 







"^20 — ~ \95\ + IS'gl^ , 



1 2 1 2 

3/i2i = - \gio\ + mil , 

3/^22 - -Te] (}oo}:o/ - }e}:ooo) , 
3/l23 = -^t (}oo}^/ - }g}^oo) > 

3/i24 = |5'2|^ - Is-al^ - Ig^f , 
3/i25 = Igef + Igrf + Iggf , 
3/i26 = IS'iil^ - \g12f - \g13f , 

3/127 = n] (} j:ooo - }3}:oe - }a}:o3) 
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-27^1 }oo}e, 

-27^l }oo/} 

oooo' 
-^1 (}oo} oooo 
-^-0- (}oo}oooo + }e}oo/) ' 
-^1 (}oor/+}3}v + }AK), 

-"^1 Ovl^e + }}^/ + }v}^3) , 

(}oor/+}3}^ + }AK), 

-^1 (}er/+}3};+}A}r), 

-^1 (}}^oo + + l^l^e) , 

(U/+}3}i + }A}r), 
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FIGURES 



FIG. 1. One-photon exchange mechanism for the process e + d^e + d + P^. 

FIG. 2. np-intermediate state contribution to the unitarity condition for 7 + d ^ d + rj; the 
dotted Une crosses the particles on mass shell. 

FIG. 3. M diagrams for 7 + d ^ d + P°. 
FIG. 4. lA diagrams for the coherent part of the ^ + d^p + n + r] = ^ + d^d* + rj process. 

FIG. 5. lA diagrams for the incoherent part of the ^ + d^p + n + r] = 'y + d^d* + rj process. 

FIG. 6. Q^-dependence of the deuteron form factors, (see Eq. (22) ) Fi (full line), F2 (dashed 
line), F3 (dotted line), F4 (dashed-dotted line). The calculation is based on: (a)- the Paris wave 
function; (b) - the Bonn wave function. 

FIG. 7. The Feynman diagrams for 7* + ^ + vr- processes 

FIG. 8. The angular dependence of the differential cross sections for the photoproduction pro- 
cesses: (a) and (b) - 7* -|- p — > p -|- vr*^ full stars (open crosses) are data from ( |6^); (c) - 
7* — > n + TT^ full stars are data from the dashed lines are predictions of the present model. 

FIG. 9. Dependence of the variable on 6-,^. The thin (thick) lines correspond to 
W = 1.2 (1.137) GeV, -k'^=0.5 (GeV/c)^ (full line) -k'^=l (GeV/c)^ (dashed line) -k'^=1.5 
(GeV/c)2 (dotted hne) -k^=2 (GeV/c)^ (dashed-dotted line) 
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FIG. 10. ^TT-dependence of the different contributions to the exclusive differential cross section 
for d{e, e'K^)d, H^x+Hyy, H^x—Hyy, H^z and H^z+H^x at W^=1.137 GeV, for different mechanisms 
contributing to the elenmentary process 7* + iV N -\- tt^ A— contribution only (dotted line), 
A + s + u contributions (dashed-dotted line) , A + s + u — u (dashed line) A + s + u + lo (full line) 

FIG. 11. Same as Fig. 10, but for W = 1.2 GeV. 

FIG. 12. ^TT-depcndcncc of the ratio r-|-(cos0^) for W = 1.137 GeV, with dipolc Gep, and Paris 
wave function. The r+ contribution is reported for Q^=0.5 (GeV/c)^ (full line) and for Q^=2 
(GeV/c)^ (dotted line). The r_ contribution is reported for Q^=0.5 (GeV/c)^ (dashed line) and 
for Q^=2 (GeV/c)2 (dashed-dotted line). 

FIG. 13. Same as Fig. 12, but for W = 1.2 GeV. 

FIG. 14. Sensitivity of the four observables to the deuteron wave function, for Paris (full line) 
and Bonn(dashed line) potentials. 

FIG. 15. dependence of the four observables for different parametrization of the electro- 
magnetic form factor of the 7*7ru;-vertex and electric form factor of the proton at VF=1.137 GeV, 
— A;^=0.5 (GeV/c)^ and hard form factor 0^,: Paris potential and soft Gep (full line), Paris poten- 
tial and dipole Gep (line), Bonn Potential and dipole Gep (dotted line), Bonn Potential and soft 
Gep (dashed-dotted line). 

FIG. 16. Same as Fig. 15, but for soft form factor G^,- 

FIG. 17. Same as Fig. 15, but for -k^=2.0 (GeV/c)^ and hard form factor G^,. 

FIG. 18. Same as Fig. 15, but for -k^=2.0 (GeV/cf and soft form factor G^,. 
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FIG. 19. Two-dimensional plot of the —k"^ and W -dependences of the longitudinal iJ^ and 
transversal Ht contributions to the inclusive differential cross section for d{e,e')iT^d {H^ and Ht 
are dimensionless numbers). 
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TABLES 





d 


d 


d 


sum 


e 


4(+) 


8(-) 


16(+) 


28 


e 


l(-) 


5(+) 


7(-) 


13 


sum 


5 


13 


23 
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TABLE I. Classification of Structure Functions. The sign it denotes T-even and T-odd SF's 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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